Abstract: Magnetic iron oxide nanoparticles were successfully prepared by a novel reverse precipitation method with the irradiation of ultrasound. TEM, XRD and SQUID analyses showed that the formed particles were magnetite (Fe3O4) with about 10 nm in their diameter. The magnetite nanoparticles exhibited superparamagnetism above 200 K, and the saturation magnetization was 32.8 emu/g at 300 K. The sizes and size distributions could be controlled by the feeding conditions of FeSO4·7H2O aqueous solution, and slower feeding rate and lower concentration lead to smaller and more uniform magnetite nanoparticles. The mechanisms of sonochemical oxidation were also discussed. The analyses of sonochemically produced oxidants in the presence of various gases suggested that besides sonochemically formed hydrogen peroxide, nitrite and nitrate ions contributed to Fe(II) ion oxidation. 
Introduction
Magnetic substances, which have been utilized for motors, power distribution systems etc., are ones of the most familiar functional materials, and are indispensable to daily life [1] . Among the magnetic substances, magnetic nanoparticles have been extensively studied for the applications for magnetic fluids [2, 3] , magnetic separable catalysts [4, 5] , data storage media [6] , and environmental remediation [7, 8] . Especially in the field of biotechnologies and bio-engineering, the magnetic nanoparticles are promising for applications such as separations of biochemical species [9, 10] , cell separation [11] , drug deliveries [12] , biomedical imaging [13] , hyperthermia [14] .
Small sizes (<100 nm), uniform morphologies, soft magnetisms and high dispersity are required for the practical uses of magnetic nanoparticles in biotechnology because the magnetic properties greatly depend on the morphologies of the nanoparticles and their residual magnetism induces aggregation among the particles.
When the particle size is adequately small, the each particle is a single magnetic domain and exhibits superparamagnetic property above the blocking temperature [15, 16] . Superparamagnetic nanoparticles quickly respond to the applied external magnetic filed, and their remanence and coercivity are negligible. Accordingly, when superparamagnetic nanoparticles are used in the field of bio, undesirable particle agglomerations originated from the residual magnetism can be avoided.
Iron oxide, i.e. maghemite (γ-Fe2O3) and magnetite (Fe3O4) nanoparticles are typical magnetic nanoparticles and are generally prepared by precipitation method, wherein the reaction time is relatively short, water is used as solvent and it is easy to gain high yields by scale-up. On the negative side of this method, it is difficult to control the size, size distribution and shape of the formed oxide particles [15] .
We reported the preparation of magnetite nanoparticles by sonochemical oxidation of aqueous Fe(OH)2 suspension obtained by adding aqueous NaOH solution to aqueous FeSO4·7H2O solution (hereafter, this protocol is referred as normal precipitation method; NP method), however, the obtained magnetite nanoparticles were in relatively large (ca. 40 nm) and irregular in morphology (Fig.1) [17] .
In NP method wherein an alkaline aqueous solution is added to an aqueous solution containing metal salt, the pH value of solution changes rapidly and locally.
Accordingly, it is difficult to synthesize smaller and more uniform-shaped products which are desirable for the practical uses. To keep homogeneity of the reaction system during the formation process of the metal hydroxides, Teraoka et. al. reported reverse homogeneous precipitation(RHP) method [18] . In RHP method, an acidic solution of metal salt is added dropwise to a basic solution of alkaline, in contrast to NP method.
The objective of this study is to develop a new preparation method of magnetite nanoparticles by RHP method with the assistance of ultrasound. It is expected that smaller and more uniform-shaped nanoparticles can be formed by uses of ultrasound due to the effective agitation and in situ formation of active chemical species formed via cavitational collapse [19] .
Experimental
All chemicals were purchased from Wako Pure Chemicals and used as received.
An aqueous solution of FeSO4·7H2O was fed into an aqueous solution containing NaOH and polyethylene glycol monostearete (PEG-MS) added as a protective agent.
Polyethyleneglycol is one of the most popular materials to modify particles surfaces in order to avoid recognition by cells of the mononuclear phagocyte system [20] . Schematic diagram of the experimental setup is shown in Fig. 2 . Feeding rates were controlled by a micro feeder. Ultrasound irradiation was started at the time of the beginning of the addition of FeSO4·7H2O aqueous solution using a multiwave ultrasonic generator (KAIJO, TA-4021, 200kHz, 6 W/cm 2 ) connected with a PZT oscillator. Sonication was carried out under air, argon, nitrogen and oxygen. During the sonication, reaction vessel was cooled in the water bath (20℃). Preparation conditions are summarized in Table 1 . In all experiments, irradiation time of ultrasound was 30min. The final concentrations of FeSO4·7H2O, NaOH and PEG-MS at the end of the addition of FeSO4·7H2O were 0.04 M, 0.08 M and 0.4 mM, respectively, and the total volumes were 50 ml. After ultrasound irradiation, products were collected by a neodymium magnet and rinsed with distilled water twice and dried in vacuo.
The crystallographic information of the products was obtained by XRD measurement (RIGAKU RINT-2200, CuKα1, λ= 0.15418 nm). The morphologies were observed by TEM (JEOL, JEM-2010-UHR, operated at 200kV), and the specimens for the TEM observation were prepared by the dispersion containing products was dropped on collodion film covered copper grid followed by dying under vacuum. The magnetic properties were evaluated by a superconducting quantum interference device (SQUID)(Quantum Design).
Sonochemically produced oxidants such as hydrogen peroxide, nitrite and nitrate ions were determined by colorimetric analyses. Hydrogen peroxide was determined by KI method [21] . Iodide ion is oxidized by H2O2 in neutral or slightly acidic solutions and the absorption of iodine molecule is measured at 352 nm using a UV-vis spectrophotometer (Shimadzu UV-2100). The iodide reagent was prepared immediately before use by mixing equal volumes (1.25 mL) of solution A (0.4 M KI, 0.05 M NaOH, 1.6 ×10 -4 M (NH4)6Mo7O24・4H2O) and solution B (0.1 M KHC8H4O4). The sonicated sample solution (2 mL) was added to the solution described above and diluted with water to 5 mL.
In the determination of nitrite ions, nitrite ion reacts with primary amine to form diazonium salt, and then produce azo color compound via coupling reaction [22] .
Typically, a 1 ml of sonicated sample solution containing nitrite ions was diluted to 10 ml with pure water. A 1ml of sulfanilic acid solution (1 g of sulfanilic acid was dissolved in 100 ml of 1% HCl) was added and kept for 15 min. Then, 1ml of 1% N-1-naphthyl ethylenediamine dihydrochloride solution was added and stood for 20 min.
The absorbance of azo color compound at 546 nm was measured by using UV spectrometer.
In the cases of nitrate ions, nitro compounds derivated from nitrate ions were determined by a colorimetric method [23]. 1 ml of sonicated sample solution containing nitrate ions was mixed with 1ml of sodium salicylate (1 g of sodium salicylate was dissolved in 0.01 N NaOH) and 0.2% of sodium chloride and 0.1% of ammonium sulfamete solution, and kept in an oven (110℃) to be evaporated to dryness. Then, 2 ml of concentrated sulfuric acid was added and kept for 10min. 10 ml of pure water and 40% NaOH aqueous solution were added and distilled to 25 ml with pure water.
Absorbance of nitro compounds at 412 nm was measured by using UV spectrometer.
Results and discussions
Under the sonication, the color of the solutions of Fe(OH)2 formed by the addition of FeSO4·7H2O turned into dark brown, suggesting the formation of iron oxide consisting of mainly magnetite. After the sonication, all products were readily collected by a magnet. In the absence of sonication, the greenish color of the sample suspension is formed, indicating that the iron hydroxide was not oxidized with 30 min of mechanical stirring. In the XRD measurements, all detected peaks can be assigned to the reflections from magnetite (the detailed results of XRD measurements will be mentioned later). TEM image and size distribution of the formed magnetite are displayed in Fig. 3 . In the case of the constant feeding rate (= 5 ml/min), the sizes of magnetite nanoparticles decreased with the decreasing of the concentration of [24, 25] . The formation of magnetite depend on the oxidation rate of green rust, which is formed between ii) and iii) [26] .
To investigate the effects of sonication atmospheres, the oxidants produced in various gases saturated-neutral waters were determined. Fig.8 shows oxidants yields produced by sonicating 50 ml of water for 30 min under air, oxygen, nitrogen, and argon atmospheres. In the presence of air, hydrogen peroxide, nitrite and nitrate ions were produced and total amounts of the produced oxidants were largest among the investigated gases. Only hydrogen peroxide was produced under oxygen or argon. In the case of nitrogen, hydrogen peroxide, nitrite and nitrate ions were detected but the amounts quite small.
In the sonochemical reactions in aqueous solution, water molecules are thermally decomposed to form hydrogen atom(·H ) and hydroxyl radical (·OH), which of them are recombined to form hydrogen, hydrogen peroxide, and parent water [19] .
Under atmosphere including oxygen, which is a good scavenger of hydrogen atom [27] , recombination between hydrogen atoms and hydroxyl radicals is prevented. Accordingly, higher amounts of hydrogen peroxide would be obtained when oxygen or air dissolved in water. Sonochemical formation of nitrite and nitrate ions in aerated water has been well known [28] [29] [30] and the following pathway was proposed [31] . magnetite nanoparticles using hydrogen peroxide as oxidant [32] . The contribution of nitrate ions to the oxidation of Fe(OH)2 to form magnetite was reported separately [33] .
According to the oxidants yields and XRD patterns, it is considered that hydrogen peroxide, nitrite and nitrate ions act as oxidants in sonochemical formation of magnetite nanoparticles.
Conclusions
We demonstrated the sonochemical preparations of magnetite nanoparticles by RHP method. In RHP, the feeding conditions of FeSO4·7H2O solution such as feeding rates and the timing of sonication had important effects on the sizes and their distributions, namely slower feeding rate and lower concentration lead to smaller and more uniform shaped magnetite nanoparticles. Furthermore, the timings of ultrasound irradiation were also significant to prepare smaller and more uniform-shaped magnetite, i.e. simultaneous sonication with FeSO4·7H2O aqueous solution feeding is required. The obtained magnetite nanoparticles had about 10 nm in average diameter and exhibited superparamagnetism of which characters are favorable in the application 
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